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1. SUMMARY

Total genomic DNA of 13 pseudomonads re-
presenting TRNA homology groups I-IV were
screened for sequences homologous to four Pseu-
domonas aeruginosa alginate (alg) genes by
Southern hybridization. Biotinylated probes for
three structural genes (alg4, algC and algD) and
one regulatory gene (algRI) were prepared. Ge-
nomic DNA of strains representing group I (P.
syringae pv. glycinea, P. viridiflava and P. corru-
gata) hybridized with all four gene probes. Hy-
bridizing fragments were of differing sizes, indi-
cating that evolutionary divergence among group
I members has occurred. P. corrugata has not
been reported to synthesize alginate. Genomic
DNA from representatives of groups II-IV gave
no or very weak hybridization with the probes
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except for algC. This study indicates that the
ability to produce alginic acid as an exopolysac-
charide among the pseudomonads is restricted to
members of TRNA homology group I in agree-
ment with earlier physiological studies.

2. INTRODUCTION

In their natural environments most bacteria
are enveloped by a coating of high molecular
mass exopolysaccharide [1]. Studies in our labora-
tory [2] and in others [3,4] have indicated that
many fluorescent pseudomonads produce alginic
acid as an exopolysaccharide. Alginic acid is also
produced by Azotobacter species [5,6]. Alginate
has been proposed to be a virulence factor for
phytopathogenic fluorescent pseudomonads [2,7].

Alginic acids are a group of structurally re-
lated polysaccharides composed of a linear back-
bone of B-1,4-linked p-mannuronic acid and its
C-5 epimer L-guluronic acid in varying ratios [8].
They are currently isolated from brown seaweeds
for a variety of commercial applications such as
gelling and thickening agents [9]. However, bacte-



rial alginate differs from algal alginate due to the
presence of acetyl groups on the mannuronate
residues [10].

Much research has been done both on the
enzymatic and molecular aspects of alginic acid
production by Pseudomonas aeruginosa on ac-
count of the ability of mucoid variants of this
bacterium to cause serious chronic lung infections
in cystic fibrosis patients. Several structural, as
well as regulatory, genes have been cloned, and
the functions of several gene products deter-
mined (for a review see [11]). The cloned genes
and the corresponding biosynthetic enzymes in-
volved in the pathway to alginate synthesis are
shown in Fig. 1. Gene algA4 is unusual in that it
encodes two enzymatic activities (phosphoman-
nose isomerase and GDP-mannose pyrophospho-
rylase) that do not occur immediately adjacent to
each other in the pathway. The first three en-
zymes of the pathway are involved in general
carbohydrate metaholism and are found in many
bacteria. In contrast, GDP-mannose dehydroge-
nase encoded by algD is thought to be specific
for alginate synthesis [12]. The algD gene is tran-
scriptionally activated in mucoid strains. One pos-
itive regulatory gene, algRI, is a member of a
class of environmentally responsive two-compo-

Table 1

Bacterial strains used in this study

Fructose-6-PO,
Phosphomannose Isomerase (algA)
Mannose-6-PO4
Phosphomannomutase (algC)
Mannose-1-PO,
GTP GDP-Mannose
PPi Pyrophosphorylase (algA)
GDP-Mannose
2NAD(P) DP-Mannose
2NAD(P)H Dehydrogenase (algD)
GDP-Mannuronate
Polymerase
C-5 Epimerase

Acetylase

Alginate
Fig. 1. Biosynthetic pathway for alginate production in P.
aeruginosa. Cloned genes encoding for the enzymes are shown
in parentheses.

nent regulatory genes with an effector function
[13]. The gene encoding for the sensor compo-
nent has not yet been identified.

Bacterium rRNA Alginate Host of origin Source ®
Homology production
group 2
Pseudomonas corrugata 388 1 - Medicago sativa F.L. Lukezic
P. syringae pv. glycinea NCPPB 2159 I + Not known NCPPB
P. viridiflava 679 1 + Medicago sativa F.L. Lukezic
P. viridiflava ATCC 13223 I + Phaseolus coccineus ATCC
P. viridiflava TU-04-2A I + Lycopersicon esculentum C.H. Liao
P. andropogenis 27 1I - Cicer arietinum F.L. Caruso
P. cepacia 376 I - Not known F.L. Lukezic
P. solanacearum K60 11 - Lycopersicon esculentum L. Sequeira
P: gladioli P32 11 - Asplenium nidus A.R. Chase
P. acidovorans ATCC 15668 I - - ATCC
P. avenae VS-1 11 - Paspalum urvillei R.D. Gitaitis
P. testosteroni ATCC 11996 I - - ATCC
P. diminuta ATCC 11568 v - - ATCC

2 Homology groups based on the reports of DeVos et al. [32] and Palleroni [23].
® ATCC = American Type Culture Collection, Rockville, MD, USA; NCPPB = National Collection of Plant Pathogenic Bacteria,

Harpenden, UK.



In a previous study of the distribution of algi-
nate gene sequences in the Pseudomonas rRNA
homology group I-4zomonas-Azotobacter lineage
of superfamily B procaryotes algd, algC, algD
and algR1 were used as probes [14]. Only group I
pseudomonads (except for the nonfluorescent
subgroup Ia representative P. stutzeri) and A.
vinelandii contained sequences homologous to all
four P. aeruginosa alg genes used as probes. The
P. stutzeri strain examined did not contain se-
quences homologous to algD. In that study pseu-
domonads belonging to groups II-IV were not
studied. We prepared similar alginate gene probes
and by Southern hybridization analysis deter-
mined the distribution of homologous sequences
among Pseudomonas TRNA homology groups II-
IV as well as for an additional representative of
the non-fluorescent subgroup Ia.

3. MATERIALS AND METHODS

3.1. Bacterial strains

The bacterial strains used in this study are
listed in Table 1. Short-term maintenance was on
plates of Difco Pseudomonas agar F stored at
4°C. Long-term maintenance was as suspensions
in trypticase soybroth (BRL) plus 15% glycerol
stored at —80°C.

3.2. DNA isolation, purification and probe prepara-
tion

Genomic DNA was prepared according to a
standard protocol for large scale genomic DNA
preparation [14]. The CsCl gradient centrifuga-
tion step was omitted and the samples were sub-
jected to. digestion with RNase (20 wg/ml) [14].
Total DNA (3 ug) was digested with appropriate
restriction endonucleases (Bethesda Research
Laboratories, Inc., Gaithersburg, MD) and the
fragments were separated by electrophoresis on
0.8% agarose gels (11 X 14 cm) using 1 X TAE
buffer [15]. Gels were then blotted as described
below. Total genomic DNA of P. syringae pv.
glycinea strain NCPPB 2159 was included as a
positive control as it was previously reported to
contain gene fragments homologous to the algi-
nate genes included in this study [16].

Plasmid DNA for probe preparation was iso-
lated from E. coli strains harboring plasmids
pADA4033 (algA), pNZ15 (algC), pVD211 (algD)
and pKS30 (algRI) containing alginate genes
cloned from P. aeruginosa (kindly supplied by
N.A. Zielinski and A.M. Chakrabarty). Plasmids
were amplified with chloramphenicol [15] and
crude lysates obtained by alkaline lysis [14]. Plas-
mid DNA was purified by polyethylene glycol
precipitation [14], subjected to digestion with the
appropriate restriction endonucleases, the DNA
fragments separated on agarose gels and stained
with ethidium bromide, and the target DNA frag-
ments excised from the gels. Target DNA was
electroeluted and then concentrated and purified
using an Elutip-d column (Scleicher and Schuell
Inc., Keene, NH) [14]. The concentration of puri-
fied target DNA was determined by ethidium
bromide dot quantitation [14]. The DNA" probes
were labelled with biotin-7-dATP by use of a nick
translation kit used according to the manufac-
turer’s instructions (Bethesda Research Labora-
tories).

3.3. Southern blot hydridization

Three wpg of restriction enzyme digested ge-
nomic DNA per bacterium was transferred to
supported nitrocellulose (Bethesda Research
Laboratories) according to the method of South-
ern [17] as described by Ausubel et al. [14]. Hy-
bridization of the biotinylated DNA probes at
high stringency (final washes with 0.16 X
SSC/0.1% SDS at 50°C) was done using a Blu-
Gene nonradioactive nucleic acid detection sys-
tem according to the manufacturer’s instructions
(Bethesda Research Laboratories) except that hy-
bridization was allowed to continue for two days
at 42°C rather than overnight.

4. RESULTS

A 2.0 kb BamHI-SstI DNA fragment contain-
ing the P. aeruginosa algA gene was cut from the
plasmid pAD4033 [18] and used as a probe for
the presence for homologous sequences in
BamHI-Sst1 digested genomic DNA that may
encode for PMI-GMP enzyme activities. This



fragment contains most of the alg4 coding se-
quence as well as about 40 base pairs upstream of
the translational start site [18]. Hybridizing frag-
ments were observed for the five representatives
of rRNA homology group I with one fragment
per strain (Fig. 2). These fragments were all of
differing molecular size. Group II representatives
P. cepacia strain 376 and P. gladioli strain P32
showed one or two more weakly hybridizing frag-
ments, respectively. Hybridizing fragments were
not found for the other bacteria.

A 2.6 kb HindIII-SstI DNA fragment contain-
ing the P. aeruginosa algC gene was cut from
plasmid pNZ15 [19] and used as a probe for
homologous sequences in HindIII-Sst1 digested
genomic DNA that may encode for PMM enzyme
activity. This fragment contains the algC pro-
moter and coding region [19]. The most strongly
hybridizing fragments using the algC probe were
seen for group I strains P. viridiflava TU-04-2A
and . P. corrugata 388 with the other three group I
representatives showing less strongly hybridizing
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Fig. 2. Hybridization of the P. aeruginosa algA gene probe
with BamHI-Sst1 digested bacterial genomic DNA. Lanes: 1,
P. syringae pv. glycinea NCPPB 2159; 2, P. viridiflava 679; 3,
P. viridiflava ATCC 13223; 4, P. viridiflava TU-04-2A; 5, P.
corrugata 388; 6, P. andropogenis 27; 7, P. cepacia 376; 8, P.
solanacearum K60; 9, P. gladioli P32; 10, P. testosteroni ATCC
11996; 11; P. acidovorans ATCC 15668; 12, P. avenae VS-1;
13, P. diminuta ATCC 11568.
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Fig. 3. Hybridization of the P. aeruginosa algC gene probe

“with HindIII-SstI digested bacterial genomic DNA. Lanes are

as in Fig. 2.

fragments (Fig. 3). Again, only a single hybridiz-
ing fragment was seen per group I strain and all
fragments were of differing size. Weakly hybridiz-
ing fragments of varying sizes were seen for all
other strains except for P. cepacia 376. As with
the algA probe, P. gladioli was the only strain to
give two hybridizing fragments (Fig. 3).

A 1.2 kb BamHI-XholI DNA fragment contain-
ing the P. aeruginosa algD gene was cut from
plasmid pVD211 [12] and used as a probe for
homologous sequences in Bgl/II-Clal digested ge-
nomic DNA that may encode for GMD enzyme
activity. This fragment contains the algD pro-
moter, the leader sequence and part of the algD
coding region [12]. All five group I strains showed
hybridizing fragments to the algD probe of vary-
ing sizes, with one fragment per strain (Fig. 4).
For the representatives of the other rRNA groups,
single, weakly-hybridizing fragments of similar
size were seen for P. testosteroni ATCC 11996
and P. avenae VS-1.

A 0.65 kb XhoI-Nsil DNA fragment contain-
ing the P. aeruginosa algRI (formerly algR) gene
was cut from plasmid pKS30 [20] and used as a
probe. for homologous sequences in Bg/II di-
gested genomic DNA that may encode for a
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Fig. 4. Hybridization of the P. aeruginosa algD gene probe
with Bgl/II-Clal digested bacterial genomic DNA. Lanes are
as in Fig. 2.

positive regulatory protein. This fragment is in-
ternal to the algRI coding region (0.75 kb) [13].
With the algRI probe, single strongly hybridizing
fragments of differing sizes were seen for all
group I representatives with one fragment per
strain (Fig. 5). All other strains did not contain
hybridizing fragments.

12345678910111213

Fig. 5. Hybridization of the P. aeruginosa algRl gene probe
with BglII digested bacterial genomic DNA. Lanes are as in
Fig. 2.

5. DISCUSSION

The presence of highly homologous alginate
gene sequences only in strains belonging to rRNA
group I together with previous results on alginic
acid production [2,4,21] suggest that the ability of

‘pseudomonads to produce this exopolysaccharide

is restricted to members of group I. Group I is
further subdivided into subgroups Ia and Ib re-
presenting members incapable of producing or
capable of producing fluorescent pigments, re-
spectively [22]. The presence of highly homolo-
gous alginate gene fragments in P. corrugata
strain 388, a representative of subgroup Ia, is of
interest in light of our previous findings that a
different strain of P. corrugata did not produce
alginate under the single set of cultural condi-
tions tested [21]. Alginate-producing variants of
another member of subgroup la, P. mendocina,
were generated by selecting for carbenicillin re-
sistance, but this selection method was unsuccess-
ful with subgroup Ia member P. stutzeri [4,23]. P.
stutzeri was previously reported to contain se-
quences with homology to algA, algC and algRI,
but not to algD [16]. However, Goldberg and
Ohman [24,25] found that algS (On) T containing
clones activated silent alginate genes in trans
causing alginate production by P. stutzeri. The
gene algS controls the expression of the adjacent
trans-active regulatory gene algT. These findings
imply that all members of subgroup Ia may be
capable of alginate production and we are cur-
rently reassessing the ability of P. corrugata to
produce alginate using a variety of culture condi-
tions.

The variation in size of the hybridizing frag-
ments seen among group I strains for all four
alginate gene probes indicates that evolutionary
divergence has occurred within this rRNA homo-
logy group. This divergence has occurred even
within species as indicated by the differing sizes
of hybridizing fragments exhibited by the three
strains of P. viridiflava which originated from
different plant hosts. The sizes of the hybridizing
fragments found in this study for P. syringae pv.
glycinea strain NCPPB 2159 were similar to those
reported by Fiahlo et al. [16]: except for algRI.
The hybridizing fragment we detected in BglII



digested genomic DNA was 9.4 kb compared to
the approximate 24-kb hybridizing fragment re-
ported by Fiahlo et al. [16]. Possibly they did not
obtain complete digestion of their genomic DNA
for this strain.

Gene fragments with high homology to the
four alginate genes used in this study were previ-
ously detected in several strains of the subgroup
Ib pseudomonad P. marginalis [16]. Studies in
our laboratory determined that under the in vitro
conditions employed these strains produce novel
acidic exopolysaccharides differing from alginic
acid ([26, 27] Osman and Fett, unpublished). Thus,
the alginate genes in these strains appear unin-
duced, defective or the strains are regulatory
mutants.

The results of the present study lend further
support for the considerable phylogenetic dis-
tance between members of pseudomonad rRNA
group I and groups II-IV. Based on 16S rRNA
sequencing and oligonucleotide cataloguing
Woese and associates (for a review see [28)]) as-
signed-group I pseudomonads to the y subdivi-
sion, y-3-subgroup of the purple bacteria. Group
IIT members P. testosteroni and P. acidovorans as
well as P. cepacia were assigned to the B-subdivi-
sion of the purple bacteria in subgroups 1 and 2,
respectively. Group IV member P. diminuta was
assigned to a subdivision subgroup 2 of the pur-
ple bacteria. Based primarily on DNA-rRNA hy-
bridization studies [29], it was proposed that the
genus Pseudomonas be limited to group I mem-
bers only since the different rRNA homology
groups are more closely related to other genera
than to each other. The process of assigning
group II-IV pseudomonads to other genera has
begun, as evidenced by the recent reclassification
of P. acidovorans and P. testosteroni to the genus
Comamonas [30] and of P. delafieldii and P.
facilis (both group III) to Acidovorax [31].
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